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The purpose of this work is to analyze the effdctiferent annealing temperature-time
processing conditions applied to electroless NitP \Wt.% P) coatings to improve the
corrosion resistance in a 3.5% NaCl solution. Aneating process at 400°C for 4 h applied
to electroless Ni—P coatings (12 wt.% P) induce<ctistallization of the coating with the
formation of stable NP and Ni phases. This crystalline Ni—P coating prsséetter
corrosion resistance in the 3.5 wt.% NaCl solutioantlthe amorphous alloy and the
coatings annealed at 400 and 500°C for 1 and ha.cbrrosion resistance of the Ni—P
coatings is evaluated by electrochemical impedapeztroscopy for 4 h of immersion.
The microstructure of the Ni—P coatings before diter @annealing at 400 and 500°C for
1; 2 and 4 h, is studied by X-ray diffraction (XRD)dascanning electron microscopy.
Annealing at 400°C for 4 h induces the prefererdgiéntation of the plane (112) of the
Ni;P phase as revealed by XRD analysis which modifieskithetics of the electroche-
mical reactions. The corrosion resistance of thé°Nieatings annealed at 400°C for 4 h is
related to the formation of texturizedsRiphase which is chemically stable and comprises
80% of the coating volume.

Keywords: Ni—P coatings, electroless deposition, heat treatmannealing, corrosion
resistance, texture, microstructure sRiphase.

ITpoaHani30BaHO BIUIUB Pi3HUX TEMIEpaTypHO-4aCOBHX YMOB BiAIAITy Ha KOPO3iliHY TpHB-
KicTh Ximiuno ocamkennx Ni—P (12 wt.% Phiokputs y 3,5%my pozuuni NaCl.3a Bigma-
sy ipu 400°C ymipomoBx 4 h MOKpPUTTS KPUCTATI3YIOTHCS 3 yTBOpPEeHHsM cTabimpHux NisP
ta Ni ¢a3. Bonn kopo3iitHO TPUBKIII y IIbOMY PO34HHi, Hi’K aMOpGHUH CIUIAB Ta TIOKPHUT-
11, Bimnaneni mpu 400 ta 500°C ympomosk 1 ta 2 h. KoposiiiHy TpHBKIiCTb OI[iHIOBAJIH
METOJIOM €JIEKTPOXIMIYHOT IMIIEIaHCHOI CHEKTPOCKOMIi, a MIKPOCTPYKTYPY — METOJaMH
PEHTIeHIBChKOI qudpaKiii i ckaHyBallbHOI eIEKTPOHHOI Mikpockomii. BussieHo, 1o Bia-
nan npu 400°Cepososx 4 h Bukimkae nepepaxny opienrarito ¢asu NisP y miomuHu
(112), BHacTiIOK 9OTO 3MIHIOETHCS KiHETHKA €IEKTPOXIMIUuHMX peakirii. [ligBuineHa Ko-
po3iiiHa TPUBKICTh TaKMX IIOKPUThH 3yMOBJICHA YTBOPEHHSIM TeKcTypoBaHol dasu NizP, sika
XiMiuHO cTabinpHima i 3aiiMae 80%00’ eMy OKPUTTSL.

Kmrouosi cioBa: nokpumms Ni—P, ximiune ocadocenns, mepmiune obpobrenns, gionar,
KOpO3iiiHa mpugkicms, mexcmypa, mikpocmpyxmypa, gpaza NigP.
Introduction . Electroless deposition of nickel alloys has bedately applied to

surface processing to provide wear resistance,ftimtion coefficient, non-magnetic
behaviour, and high corrosion resistance to engimgeomponents and structures [1, 2].
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It is shown that electroless Ni—P coatings are diggd with uniform thickness all over
the object plated regardless of the geometric cexilyl of the substrate surface [3].
Corrosion resistance of Ni—P electroless coatingommon aggressive environments
is a function of its phosphorous content. When \shgl the coating time and heat
treatment of electroless Ni—P coatings in [4] taported that coatings containing from
11.1 to 13.1% phosphorous are amorphous, and resigant to corrosion attack than
microcrystalline coatings. It is also shown tha tteat-treated Ni—P coating with 11.7
and 12.2% P demonstrates a lower corrosion ratettfeasamples with a phosphorous
content of 10.1 and 10.8%.

Annealing treatment was applied to auto-catalytieANcoatings at temperatures
from 230 to 400C and the transformation from amorphous to crys&lhicrostructu-
re with clear XRD peaks related to thesMiand Ni phases when annealed at°@00
was observed [5]. On the other hand, the heatetlesdmples at 23C for 2 h under-
went negligible changes in their microstructuremhadue to the small-scale crystalli-
zation. These authors reported a detrimental effethe annealing heat treatment on
the corrosion resistance of electroless Ni—P cgatirh\lso, in [6] it was shown that
crystalline Ni—P coatings did not passivate in dde-containing electrolytes when
subjected to anodic polarization whereas the anoupiNi—-P formed passive layers.
Higher corrosion resistance was observed for tiea@ed ternary electroless Ni-W-P
alloy than the amorphous counterpart in aeratedi@esolution. This study clarifies
that electroless Ni—P coatings containing 12 wt.%ubBjected to annealing at 400°C
for 4 h have higher corrosion resistance than tfaireg with amorphous microstructu-
re and coatings subjected to annealing treatmeatsl 2 h at 400 and 500°C [7].

Experimental. Ni—P electroless platingAlSI 1020 carbon steel disks of 12 mm
diameter and 3 mm thickness were used as subsfoatie deposition of autocatalytic
Ni—P coatings. Before coating, the steel sample® wsund with 600 grit SiC abrasi-
ve paper, followed by sandblasting, washing withaabl in an ultrasonic bath for
10 min, dried with hot air and weighed. Then, saspkere immersed in the electro-
less bath at FC€ for 1 h for the autocatalytic deposition of the-l coating. The che-
mical composition and operating conditions of thghtfor the autocatalytic deposition
of Ni—-P were taken from [8]. The electroless baskdiin the present work produced
Ni—P coatings with 12 wt.% of P also followed therw[5] to ensure the formation of
NizP and Ni phases after the annealing treatmentQC10

Annealing heat treatmentNi—P coated samples were subjected to anneadiag h
treatment [9] using a nichrome resistance furnace sealed quartz chamber with a
controlled atmosphere and a system to ensure vaamanditions. During the heat
treatment, a constant flow of Ar gas was suppliesdie the furnace chamber to avoid
the oxidation of the sample. The samples were deded 400C and 500C for 1; 2
and 4 h from room temperature to the heat treatteemperature with a heating rate of
10 °C Omin™, after the annealing process the samples wereddolthe furnace at a
rate of 0.5°C Cin™.

Surface characterization method§he Ni—P coatings in the deposition state and
after the annealing heat treatment at 400 andG@dr 1; 2 and 4 h were subjected to
XRD analysis in a diffractometer Bruker D-8 Advanceith CwK,-radiation and
A =1.5418A used in Bragg mode. The sweep step was 0.02 degrekthe sweep
time was — 0.3 s. The range of the angle betweernnttident beam and the diffracted
beam (B) was from 258 to 85. The scanning electron microscopy analysis was als
applied to the samples with and without annealiegthreatment before and after the
electrochemical tests with an XL30 ESEM Phillipscrascope, equipped with an
EDAX system using the energy of 25 keV and a pressti0.4 Torr. The EDX spectra



were obtained with a Saphire-SUTW detector at 25 déeergy and 131.93 eV resolu-
tions. The data were analyzed using commercialvao in order to determine the crys-
talline phases present in the samples after thietfe@dment. Additionally, the crystallite

size was evaluated by the Scherrer formula.

Electrochemical behaviourThe electrochemical [10] behaviour associatedh wit
the resistance to corrosion degradation of thecaitadytic Ni—P coatings in 3.5 wt.%
NacCl solution was determined by Electrochemicalddgnce Spectroscopy (EIS) mea-
surements. The Ni—P coated samples in the deposiide and the Ni—P coated samples
subjected to the annealing treatment at 400 andG0G@re used as working electrodes
with a surface area of 1 éraxposed to the electrolyte in a conventional tieleetrode
electrochemical cell using a graphite bar (auxliatectrode) and saturated calomel
electrode (reference electrode). The EIS measurtsmegre conducted at a tempera-
ture of 25 + 1C applying a sinusoidal potential signal of 20 m\amplitude scanning
in the frequency range from 20 kHz to 50 MHz. Thpeximents were performed with
an electrochemical station Solartron Analytical,delol280C controlled by a compu-
ter with commercial software in sequences of meamants at intervals of 1 h.

Results and discussionSurface characterizationThe Ni—P coating surface wi-
thout heat treatment presented the characteristiidpherical features of nodular struc-
ture, typical of amorphous material, with the appaae of cauliflower-like nodules
(Fig. 1a). The observed same structure for the electrdigsB coating with 11 wt.%
phosphorous showed that the coatings had an amagpimicrostructure [11]. The
elemental mapping analysis carried out on the Nie&tings surface demonstrated a
homogeneous distribution of phosphorus and nidkigl @b, c), respectively.

- 4’/

Fig. 1. The scanning electron microscopy imagesia0 (and zoom te2) of the Ni—P coatings
in the deposition conditiora) and elemental mapping for B) @nd Ni €).

Fig. 2 shows the transverse section of the Ni—-Recosamples and profiles of P,
Ni and Fe through the thickness of the Ni—P coatinging the line scan technique.
From the intersection of the P and Ni profile witle Fe profile, a thickness of im
for the coating was determined. The content of Nil & on the electroless Ni-P
coating, determined using the Energy Dispersive ay-Bpectroscopy, was 88 and
12%, respectively, which agreed with the reportath ¢i8].



Fig. 2. The scanning electron microscopy imagéefttansverse section
of the Ni—P coatings and elemental profiles paratidine scan:
1 — oxides on the surface of the Ni—P coatihg;Ni—P coating3 — base metal: steel (Fe).

XRD analysis The diffraction patterns of the electroless NéeRtings in the as-
plated condition, annealed at 400 and“&D@re shown in Fig. 3. The XRD spectra of
the non-annealed Ni—P coatings present a singkdlpeak in the 2windows from 40
to 50 approximately which is an amorphous structUgon receipt of the electroless
Ni—P coating containing 11.36% P, several reseamntts reported a similar result and
associated it with an amorphous Ni—-P deposit [B2, It determined an amorphous
structure for deposition state of Ni—P coatingshwli0 wt.% P [14] and observed the
formation of NP after annealing of the coating at 40Gor 1 h.
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Fig. 3. The XRD pattern of the electroless Ni—P cagtiim the deposition condition
(amorphous) and after annealing heat treatmer@@CA(a) and 500C (b) for 1; 2 and 4 h:
@ — Ni;P phasel — Ni phase A — Fe phase.

The samples annealed present several peaks atediffdiffraction angles @
which suggest the transformation from the amorphougystalline phases. The XRD
pattern indicates the presence of two crystallimesps, Ni and NP, which agrees with
the results of [4] where the effect of coating tiaved heat treatment on the structure
and corrosion resistance of Ni—P electroless coimigill.1...13.1% P is investigated.
As the annealing time increases to 4 h, the cligstibn is complete and can be assumed
that the coatings consist of 80%;Riand 20% Ni following the Ni—P thermodynamic
phase diagram which establishes the co-existenté ahd NiP for alloys with up to



15 wt.% P which is thermodynamically stable up T0°€. In [15] the same phases in
the Ni—P coating with 17 wt.% P after annealingZ@C for 1 h, are reported, the ther-
modynamically stable phase is;Ri In [16] XRD peaks corresponding to FCstalli-
ne structure oNi and NiP, when Ni—P electroless coatings were annealedGCibr

1 h, suggesting the initiation of the precipitatmfithe second phase are obtained.

Fig. 4 shows a comparison between the experimeliftedction pattern of Ni—P
coated sample annealed at 4DGor 2 h and the diffraction pattern of thesRliand Ni
phases taken from the database of the Internaf@erakr for Diffraction Data (ICDD).

According to the ICDD, the peak with the highegensity for NgiP corresponds
to plane (231) at@= 41.80, whose intensity is proportional to theicure factor. Ho-
wever, for the samples annealed at4Dr 2 and 4 h the peak with the highest inten-
sity for NisP corresponds to plane (112). This difference efibaks intensities suggests
a preferential orientation of the crystalline plane. the sample presents texture. The
sample heat-treated at 5@for 1 h also presents preferential orientatiothim plane
(112) for NgP, not so the samples with heat treatment afGd0r 2 and 4 h. This
difference is associated with the higher corrosasistance of the samples annealed at
400°C for 4 h than the coatings annealed af60fs will be discussed in the next section.
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Fig. 4. ICDD diffraction pattern powder sample (daskd), experimental pattern
from Ni—P coating with 40C heat treatment for 2 h.

Electrochemical behaviour The results of the EIS measurements at openiftcircu
potential for the Ni—P coatings deposition stat;mealed at 400 and 50D are shown
in Figs. 57, respectively. In these figures theeeimental data are presented as symbols
and the fitted data as lines. The impedance resutte a similar tendency for amorphous
and annealed coatings at 400 and°®&fbr 2 and 4 h, showing a single semi-circle in
the high-frequency regions of Nyquist diagrams,ohtig indicative of a charge transfer
controlled reaction. This implies the same cornegigechanism for the Ni—P coatings,
amorphous and annealed, but different corrosice kelich is associated with the phy-
sical characteristics of the surface, such as goastity and the net surface area due to
the nodular nature which decreases after annedfinggreement with [12, 16, 17], in
this study, a single inflexion point was observedhie Bode plot for the Ni—P coatings
in the deposition state, indicating charge transtertrolled reactions. This behaviour
was observed also for the samples annealed atfD8QTC for 2 and 4 h with only
one phase angle maximum close t8 8%t is related to a capacitive behaviour. In [18]
this behaviour is associated with the capacitivaratter of the electric double layer
(EDL) between the corrosive medium and the Ni—Rioga

The impedance of the coating in the depositionestkgcreases from 50000 to
35000QM@nT as the immersion period increases from 1 to 4hiis Behaviour corrobo-
rates the formation of corrosion products that dofarm passive films but dissolved
compounds that produce anions such as hypophosptigerbed on the coating.
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Fig. 5. Nyquist ) and Bodelf) diagrams from Ni—P coating in the as depositedlitimm
(amorphous microstructure) as a function of imneergime in 3.5 wt.% NacCl solution:
M - immediately after immersion in the electrolyié— 1 h;® —2;O —3; A —4 h.

The Nyquist and Bode diagrams in Fig. 6 show thatilnpedance of the samples
annealed at 40C for 1 h is lower than the impedance of coatinmgshie deposition
state and that for samples annealed for 4 h andatiesion process involves two-time
constants.

The samples submitted to heat treatment at@Qd@r 4 h, present impedance
values about 3 times larger than for the coatiniglsont heat treatment and more than
20 times larger than the samples annealed forThé.high corrosion resistance of the
Ni—P coating annealed at AW for 4 h can be related to the formation of therrio-
dynamically stable intermetallic p? phase [15]. In [14] it is determined that the an-
nealing treatment at 400 for 1 h significantly improves the coating densityd
structure, giving rise to an enhanced corrosioisteese for the Ni—P electroless coatings.

The EIS results, for samples presenting one timstamt, were fitting by a simple
equivalent circuit as shown in Figa8sing the Zview analysis software, wh&gis
the resistance of the electroly@PE.q is a constant phase element, which in this case
can be associated with the electric double-laypadtance of the interphase coating-
electrolyte, andR.; is the charge transfer resistance-associatedigraciStudy [16]
reports the values of charge transfer resistaRgp ¢f 13 KQGn? for Ni—P coatings
(10 wt.% P) in the deposition state and from 183dQ[GnT for coatings heat-treated
at 400C, which are very similar to the values reportedha present study. In the
present case, the Ni—P coatings contain 12 wt.%dPtlee R, for the deposition state
coatings is 35 R@nT. In [4] the electroless Ni—P alloys for variousating times (i.e.,
different content of phosphorus) are found to hawverphous-like structure for phos-
phorus contents above 11%, while coatings with 30d 10.8 wt.% P have essentially
microcrystalline structures.

Fig. 8 presents the equivalent circuit related to theabiglur of the coatings an-
nealed at 400 for 1 h, wherdR, is the resistance of the electroly@&RE, is coating
layers constant phase element &yds coating layers resistance. The charge transfer
resistance and the capacitance of the interfacgtrsid-electrolyte are modelled By
and CPE.q, respectively. This was suggested due to thegbamtystallization of the
Ni—P after 1 h at 40C. It could induce sites of active Ni that undewgorosion wi-
thout passivation. The presences of two capadtigs in the Nyquist diagram indicate
that the solution has contacted the metal basaighrthe empty spaces of the plating
and the corrosion process occurs.

For both annealing temperatures, BRevalues (Fig. 8), increase for longer an-
nealing periods. The highest valuesRaf were for the Ni—P coatings annealed for 4 h
at both, 400 and 50Q. Except for the samples annealed for 1 hRhealues obtained
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for samples annealed at 400were larger than those of coatings annealed@t50n
[16] it is found that thd; for Ni—P a coating (10 wt.% P) annealed at°4®ébr 1 h, is
53 kQ@n? and for samples annealed at 80Ddor 0.25 h is 27 R[GnT.
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Fig. 6. Nyquist and Bode diagrams from Ni—P coatingealed at 40C for 1 @); 2 (b)
and 4 h ¢), as a function of immersion time in 3.5 wt.% Na@lLsion:
M - immediately after immersion in the electrolyié— 1 h;® —2;O —3; A —4 h.

The R values obtained for coatings annealed for 1 Ap8t(Fig. 6) and at 50C
(Fig. 7) are lower than those obtained for the damygthout heat treatment. These
results are associated with the initiation of t@sformation from the amorphous to
crystalline phase by the effect of heat treatmerhé coatings due to the formation of
grain boundaries and intermetallic-Ni boundaries.

The improvement of corrosion resistance after kreattment coincides with that
reported by [15]. A similar result for the Ni—-P (#%.% P) coating after annealing at
420°C is obtained. The author suggests that this elgotmical behaviour is related to
the formation of the intermetallic compound;Rliwith high thermodynamic stability.
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Fig. 7. Nyquist and Bode diagrams from Ni—P coatingealed at 50C for 1 @); 2 (b)
and 4 h €), as a function of immersion time in 3.5 wt.% Na@lugion:
B — immediately after immersion in the electrolyié—- 1 h;® —2;0 —3; A —4 h.

@ ®

CPEeq CPE 4 Fig. 8. Equivalent electrical
circuits used for fitting

of impedance spectra:
a— one-time constant;

b — two-time constants.
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According to the XRD results, the samples with Nedating after heat-treatment
exhibit abnormal behaviour in the intensities @& tnystalline planes that is commonly

known as texturing. This suggests that the textfitbe coating annealed at £@for
4 h is related to th& improvement. The above is suggested based onethaviour
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shown by the samples annealed at°@Dfdr 4 h (texturized) with a predominant plane
(112), compared with samples annealed at60@r 1 and 2 h (non-texturized), the
first presenting better corrosion resistance.
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Fig. 9. The transfer resistance values of Ni—P ngads a function of immersion time in the
NaCl solution §) and capacitance values of Ni—P coating, with andowit heat treatment,
as a function of experiment time){ * — not-annealed;], O, A —400C for 1 h;
2 h and 4 h, respectivelll, ®, A —500C for 1 h; 2 h and 4 h, respectively.

Capacitanc&y values (Fig. B) were obtained using thd,, and Mansfeld equa-
tion [19]. The coatings annealed at 400 and°80fdr 4 h present the lowest values
compared with the coatings with the different metgical conditions, whereas the
coatings annealed for 1 h at both temperatureeptdbe highest capacitance values
which is related to poor corrosion resistance. Tdgates that microstructural changes
caused by the heat treatment time reduce the tgpsHcihe coating-electrolyte inter-
phase to store charge.

The sample heat treatment at 400 and®60@r 4 h presents the lower capacitan-
ce value and the higheRt. The small capacitance values suggest that the bhatings
obtain a less porous characteristic after the dimgeat 400 and 50 for 4 h which
are almost one order of magnitude lower than thadsscribed by [14, 20]. The
corrosion resistance of the Ni—P coating (9.0 wRP@ecreases after annealing at®450
for 1 h. The preferential dissolution of Ni couldneplete the formation of P rich
compounds that give electrochemical stability ® ¢bating.

CONCLUSIONS

Amorphous Ni—P electroless coatings with 12 wt.%d¥e deposited on a low
carbon steel substrate. The effects of annealeairrent at 400 and 500 for 1; 2 and
4 h on the corrosion resistance of the coating wgstematically studied. The results
show that a proper temperature and holding timenokaling heat treatment can signi-
ficantly improve the corrosion resistance of 12 wiNi&P coatings when compared
with samples with an amorphous structure. Annedtiegt treatment at 400 induces
the crystallization of the coatings with the forroatof the NiP phase that is thermo-
dynamically more stable because of its larger loédbrmation than Ni or P in the
amorphous coating. Annealing at 400for 4 h induces the complete formation of
NisP and makes the coating less porous because lmwhet values of th€y and the
highest charge transfer resistance compared wittséimples with different annealing
conditions. After annealing at 400 at 4 h, the crystalline phases develop a texture
that changes the electrochemical kinetics; the @oinNgP, which is 80% of the
volume of the coating, presents a preferentiaintaigon of the plane (112).
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